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Introduction 

The  objectives  of  the  proposed  studies  are  to  better  define  the  underlying  mechanisms  that  lead 
to  PTSD,  and  to  use  this  understanding  to  develop  pharmacologic  therapies  that  will  prevent  the 
development  of  PTSD  in  at  risk  individuals,  as  well  as  to  ameliorate  symptoms  of  PTSD  in  those 
that  already  have  it.  A  widely  held  hypothesis  is  that  activation  of  adrenergic  signaling  in  certain 
brain  regions  greatly  strengthens  memories  of  traumatic  events.  It  is  also  hypothesized  that 
excessive  adrenergic  signaling  following  trauma  could  lead  to  memories  that  are  too  strong, 
contributing  to  the  recurrent,  intrusive  retrieval  of  the  traumatic  events  that  occurs  in  PTSD.  As 
a  result,  it  has  been  proposed  that  pharmacologically  interfering  with  adrenergic  signaling  may 
prevent  or  ameliorate  PTSD.  However,  our  and  other  studies  demonstrate  that  interfering  with 
p-adrenergic  signaling  does  not  reduce  fear  memory  formation  or  persistence.  We  hypothesize 
that  fear  memory  formation  and  persistence  are  mediated  by  redundant  signaling  systems  that 
include  p-adrenergic  signaling  and  signaling  by  dopamine  within  the  basolateral  amygdala,  and 
that  these  two  signaling  pathways  utilize  similar  intracellular  processes. 


Body 

All  of  the  aims  are  complete.  Results  for  Aim  1  (Do  the  adrenergic  and  dopaminergic  systems 
contribute  redundantly  to  fear  memory  consolidation?)  and  the  consolidation  portions  of  Aims  3 
(Do  the  adrenergic  and  dopaminergic  systems  mediate  consolidation/reconsolidation  in  the 
amygdala?)  and  Aim  4  (Are  the  adrenergic  and  dopaminergic  systems  redundant  for 
consolidation/reconsolidation  because  they  both  activate  extracellular  signal-regulated  kinase 
(ERK)  signaling?)  are  reported  in  a  paper  published  this  year  in  the  Journal  of  Neuroscience. 
This  paper  is  included  in  the  Appendix  and  is  listed  as  #6  in  References  below. 


Aim  2  (Do  the  adrenergic  and  dopaminergic  systems  contribute  redundantly  to  fear  memory 
reconsolidation?)  provided  negative  results  shown  in  Figure  1  below.  As  a  result,  the 
reconsolidation  portions  of  Aims  3  &  4  were  not  pursued. 


*■  Sal 
O  (-)-Prop  1 
O  (-)-Prop  5 
•  (+/-)-Prop  10 


1  3  Test  Day 
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Figure  1.  Reconsolidation  of  cued  fear  conditioning  is  unaffected  by  NE  deficiency,  p  receptor 
blockade,  or  combination  p2  /  D1:5  antagonism.  A)  Dbh +/"  and  Dbh'1'  mice  were  injected  with  saline 
(Sal)  or  the  protein  synthesis  inhibitor  anisomycin  (Ani,  1 50  mg/kg)  30  min  before  testing  on  Day  1 . 

As  expected,  anisomycin  impaired  reconsolidation,  and  this  was  independent  of  genotype.  However, 
Sal-treated  Dbh'1'  mice  that  completely  lack  NE/E  exhibit  normal  reconsolidation.  P  <  0.01  for  the 
interaction  of  treatment  and  day.  A  P  <  0.01  for  saline  versus  anisomycin  on  Day  2.  B)  WT  mice 
were  injected  with  Sal  or  various  doses  (mg/kg)  of  the  p  receptor  blocker  propranolol  (Prop) 
immediately  after  testing  on  Day  1 .  Reconsolidation  was  not  impaired  in  any  of  the  Prop-treated 
groups.  C)  To  test  whether  p2  receptor  signaling  might  be  redundant  with  D1?5  dopamine  signaling  in 
reconsolidation,  WT  mice  were  injected  with  either  Sal,  the  p2  antagonist  ICI  118,551  (ICI,  30  pig/kg), 
the  Di,5  antagonist  SCH  23390  (SCH,  30  pg/kg)  or  the  combination  of  ICI  and  SCH.  Neither  the 
individual  treatments  nor  the  combination  treatment  affected  reconsolidation. 
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Key  Research  Accomplishments 


•  Either  NE  or  DA  is  sufficient  for  the  consolidation  of  auditory  cued  fear  memory  in  mice  and 
rats.  These  neurotransmitters  appear  to  act  in  a  redundant  manner. 

•  NE  exerts  its  effects  by  signaling  through  p2  receptors,  while  DA  does  so  through  D5 
receptors. 

•  Redundant  fear  memory  consolidation  (NE  and  DA)  occurs  in  the  basolateral  amygdala. 

•  Contrary  to  initial  predictions,  neither  p2  nor  D5  signal  through  the  G  protein  Gs  to  promote 
fear  memory  consolidation,  nor  does  their  signaling  intersect  at  the  level  of  ERK 
(extracellular  signal-regulated  kinase)  activation.  Instead,  we  have  now  found  that  D5 
signals  through  Gq  and  p2  signals  through  G,.  Interestingly,  these  signaling  mechanisms 
rapidly  converge  to  activate  phospholipase  C,  which  generates  the  second  messengers 
diacylglycerol  and  inositol  trisphosphate. 

•  The  Di/5  receptor  antagonist  ecopipam,  used  previously  in  human  clinical  trials,  is  effective 
at  reducing  fear  memory  consolidation  when  combined  with  a  p  receptor  blocker. 


Reportable  Outcomes 

1)  A  manuscript  reporting  the  above  results  was  published  in  February,  2012  in  the  Journal  of 
Neuroscience  (Ouyang  et  al.,  see  Appendix). 


Conclusions 


•  Results  suggest  that  administration  of  p  blockers  alone  shortly  after  trauma  will  not  prevent 
the  development  of  PTSD. 

•  However,  low  dose  combination  therapy  with  p2  &  D5  receptor  antagonists  might  prevent  the 
development  of  PTSD  when  given  shortly  after  trauma. 

•  Unfortunately,  such  a  combination  may  not  aid  in  the  treatment  of  established  PTSD 
because  it  did  not  have  an  effect  in  animal  models  examining  the  reconsolidation  of  fear 
memory. 
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Redundant  Catecholamine  Signaling  Consolidates  Fear 
Memory  via  Phospholipase  C 
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Memories  for  emotionally  arousing  experiences  are  typically  vivid  and  persistent.  The  recurrent,  intrusive  memories  of  traumatic 
events  in  post-traumatic  stress  disorder  (PTSD)  are  an  extreme  example.  Stress-responsive  neurotransmitters  released  during 
emotional  arousal  are  proposed  to  enhance  the  consolidation  of  fear  memory.  These  transmitters  may  include  norepinephrine  and 
epinephrine  (NE/E)  because  stimulating  0-adrenergic  receptors  shortly  after  training  can  enhance  memory  consolidation.  How¬ 
ever,  mice  lacking  NE/E  acquire  and  consolidate  fear  memory  normally.  Here,  we  show  by  using  pharmacologic  and  genetic 
manipulations  in  mice  and  rats  that  NE/E  are  not  essential  for  classical  fear  memory  consolidation  because  signaling  by  the 
02-adrenergic  receptor  is  redundant  with  signaling  by  dopamine  at  the  D5-dopaminergic  receptor.  The  intracellular  signaling  that 
is  stimulated  by  these  receptors  to  promote  consolidation  uses  distinct  G  proteins  to  redundantly  activate  phospholipase  C.  The 
results  support  recent  evidence  indicating  that  blocking  /3-adrenergic  receptors  alone  shortly  after  trauma  may  not  be  sufficient  to 
prevent  PTSD. 


Introduction 

The  basolateral  nuclei  of  the  amygdala  (BLA)  is  a  brain  region 
critical  to  the  consolidation  of  fear  memory  (Pape  and  Pare, 
2010).  Changes  in  neuromodulatory  signaling  in  the  BLA  during 
emotional  arousal  are  believed  to  underlie  the  powerful  and  per¬ 
sistent  consolidation  of  long-term  fear  memory.  Neuromodula¬ 
tors  such  as  norepinephrine  and  epinephrine  (NE/E)  that  are 
released  during  fearful  or  traumatic  events  can  promote  memory 
consolidation  for  such  experiences.  For  example,  stimulating 
/3-adrenergic  receptors  by  infusing  NE  or  j3-adrenergic  selective 
agonists  into  the  BLA  shortly  after  instrumental  fear  condition¬ 
ing  enhances  long-term  memory  (McGaugh  and  Roozendaal, 
2002). 

In  contrast,  a  requirement  for  /3-adrenergic  signaling  in  fear 
memory  consolidation  is  less  clear.  In  one  study,  BLA  infusion  of 
/3-adrenergic  receptor  antagonists  impaired  consolidation  of  in¬ 
strumental  fear  (Gallagher  et  al.,  1977).  However,  results  from 
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other  studies  suggest  that  0  signaling  is  not  required  for  consol¬ 
idation  of  instrumental  fear  (Izquierdo  and  Dias,  1983;  Izquierdo 
et  al.,  1992).  Negative  results  have  also  been  reported  for  classical 
fear.  Infusing  a  /3-adrenergic  receptor  antagonist  into  the  BLA 
shortly  before  or  immediately  after  classical  fear  conditioning 
does  not  impair  consolidation  (Miserendino  et  al.,  1990;  Debiec 
and  LeDoux,  2004).  Furthermore,  instrumental  and  classical  fear 
memory  consolidation  are  normal  in  mice  completely  lacking 
NE/E  (Thomas  and  Palmiter,  1997;  Murchison  et  al.,  2004)  or 
harboring  a  targeted  disruption  of  either  the  0r  or  /32-adrenergic 
receptor  gene  (Schutsky  et  al.,  2011). 

A  potential  resolution  to  the  observation  that  the  adrenergic 
system  can  influence,  but  is  not  required  for,  consolidation  is  that 
there  is  redundancy  between  the  adrenergic  system  and  another 
neurotransmitter  system.  In  redundancy,  the  loss  of  a  single  sys¬ 
tem  will  have  no  effect  on  consolidation.  However,  interfering 
with  two  relevant  but  redundant  systems  simultaneously  could 
have  considerable  effect.  Classically,  /3-adrenergic  receptors  cou¬ 
ple  to  Gs  proteins  that  act  to  stimulate  adenylyl  cyclase  (AC)  and 
elevate  intracellular  levels  of  cAMP,  a  second  messenger  required 
in  the  BLA  for  fear  memory  consolidation  (Schafe  and  LeDoux, 
2000).  It  is  through  Gs  and  cAMP  that  0  receptors  are  currently 
proposed  to  enhance  synaptic  plasticity  and  memory  consolida¬ 
tion  (Sara,  2009;  Tully  and  Bolshakov,  2010). 

For  this  study,  we  considered  whether  DA  might  serve  as  a 
stress-responsive  system  that  acts  in  a  redundant  manner  with 
NE/E  in  promoting  consolidation.  Like  NE/E,  extracellular  levels 
of  DA  are  elevated  for  minutes  following  fear  conditioning  (Inglis 
and  Moghaddam,  1999;  Anstrom  and  Woodward,  2005).  Like  0 
receptors,  the  D:  class  of  DA  receptors,  consisting  of  the  D,  and 
D5  receptors  (DI  5),  can  couple  to  the  Gs  class  of  G  proteins  and 
elevate  cAMP  (Sibley  and  Monsma,  1992),  providing  an  oppor- 
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tunity  for  redundant  signaling  between  these  two  classes  of  cate¬ 
cholamine  receptors.  Here,  we  use  genetic  and  pharmacologic 
approaches  in  mice  and  rats  to  demonstrate  that  DA  and  NE/E 
have  redundant  roles  in  the  BLA  for  the  consolidation  of  classical 
fear  memory.  Surprisingly,  we  found  that  the  signaling  by  these 
neuromodulators  that  is  critical  for  consolidation  converges  on 
the  activation  of  phospholipase  C. 

Materials  and  Methods 

Animals.  Wild-type,  Dbh+'~,  Dbh Adrbl  (fi1  KO),  Adrb2 
(j32  KO),  and  Drdl  (Dj  KO)  mice  were  on  a  hybrid  129/Sv  X 
C57BL/6  background,  while  Drd5  (D5  KO)  mice  were  on  a  C57BL/6 
background  (Xu  et  al.,  1994;  Thomas  et  al.,  1995;  Rohrer  et  al.,  1996; 
Chruscinski  et  al.,  1999;  Holmes  et  al.,  2001).  Mice  were  generated  by 
mating  either  heterozygotes  or  homozygotes,  and  genotype  was  deter¬ 
mined  by  PCR.  The  prenatal  loss  of  Dbh  ~  ~  mice  was  rescued  as  previ¬ 
ously  described  (Ouyang  et  al.,  2004).  No  significant  differences  were 
found  by  gender  or  parental  genotype  so  data  were  combined.  Female 
Fischer  344  rats  (Harlan)  were  3-4  weeks  old  upon  arrival.  Animals  were 
maintained  on  ad  libitum  food  and  water  and  a  12  h  light/dark  cycle,  with 
lights  on  beginning  at  7:00  A.M.  Animals  were  housed  in  small,  quiet 
rooms  for  at  least  3  weeks  before  studies  began.  Mice  were  3-6  months 
old  and  rats  were  8-11  weeks  old  when  tested.  Studies  were  performed 
during  the  light  phase,  with  most  experiments  taking  place  between  9:00 
A.M.  and  5:00  P.M.  Studies  were  in  accordance  with  NIH  guidelines  and 
had  the  approval  of  the  Institutional  Animal  Care  and  Use  Committee  at 
the  University  of  Pennsylvania. 

Classical  fear  conditioning.  Adjacent  to  the  training  room,  animals  were 
placed  in  pairs  (mice)  or  singly  (rats)  into  opaque  plastic  holding  buckets 
(12  cm  diameter)  with  bedding  and  lids  for  30-60  min  before  being 
manipulated  further.  Animals  were  given  two  3  min  preconditioning 
handling  sessions  over  2  d  in  the  training  room.  Saline  was  injected  at  the 
end  of  handling  each  day.  For  conditioning,  animals  were  placed  in  the 
training  apparatus  (ENV-010MCwithENV-414S,  Med  Associates)  for  2 
min,  after  which  an  84  dB,  4.5  kHz  tone  was  activated  for  30  s.  Two 
seconds  before  the  end  of  the  tone,  a  2  s  footshock  was  delivered  ( 1  mA 
for  mice,  1.7  mA  for  rats).  The  animal  was  removed  from  the  apparatus 
and  injected  30  s  after  shock,  and  then  returned  to  its  home  cage.  The 
apparatus  was  cleaned  with  Versa-Clean  (Thermo  Fisher  Scientific)  be¬ 
tween  subjects.  Experiments  examining  enhancement  of  consolidation 
in  mice  were  conducted  identically  except  that  a  0.4  mA  footshock  was 
used.  Pseudoconditioning  was  similar  to  conditioning  except  that  ani¬ 
mals  received  the  2  s,  1  mA  footshock  immediately  after  being  placed  in 
the  conditioning  apparatus,  while  activation  of  the  30  s  tone  occurred  at 
the  normal  time  2  min  later.  Contextual  fear  was  tested  for  5  min  in  the 
conditioning  apparatus  in  the  absence  of  the  tone.  Cued  fear  was  tested  in 
a  Plexiglas  cylinder  (21  cm  diameter,  24  cm  tall)  with  green  wire  grid 
floor  and  vertical  green  and  white  wall  stripes  240°  around,  and  was 
cleaned  with  lemon-scented  Ajax  between  subjects.  After  2  min,  the 
training  tone  was  turned  on  for  3  min.  Percentage  freezing  was  estimated 
by  scoring  the  presence  or  absence  of  nonrespiratory  movement  every  5  s. 
Tests  were  conducted  1  d  after  training. 

Instrumental  fear  conditioning.  Animals  were  handled  as  described 
above.  Training  consisted  of  placing  an  animal  in  the  lighted  chamber  of 
the  apparatus  used  for  classical  conditioning  and  timing  its  latency  to 
fully  enter  (except  for  the  tail)  the  dark  chamber.  Once  the  animal  en¬ 
tered  the  dark  chamber,  the  retractable  partition  separating  the  two 
chambers  was  lowered  and  a  footshock  was  delivered  for  2  s  (0.35  mA). 
The  animal  was  removed  from  the  apparatus  and  injected  15  s  after 
shock,  and  then  returned  to  its  home  cage.  Animals  that  did  not  enter  the 
dark  chamber  after  100  s  during  conditioning  were  excluded  (<4%  of 
mice,  independent  of  genotype).  Testing  was  identical  to  training  except 
that  no  shock  was  delivered  and  the  partition  remained  up.  Latencies  to 
enter  the  dark  chamber  were  recorded.  If  an  animal  did  not  enter  the  dark 
chamber  within  10  min,  it  was  returned  to  its  cage  and  assigned  a  latency 
of  10  min.  Tests  were  conducted  1  d  after  training. 

Drugs.  SCH  23390  HC1,  ecopipam  (SCH  39166  HBr),  SKF  38393  HBr, 
SKF  83959  HBr,  SKF  83822  HBr,  (-)-propranolol  HC1,  CGP  20172A 


HC1,  ICI  118,551  HC1,  procaterol  HC1,  pertussis  toxin,  edelfosine  (all 
Tocris  Bioscience)  and  m-3M3FBS  (Sigma)  were  administered  intraperi- 
toneally  or  infused  into  the  BLA  immediately  after  training.  The  phos¬ 
pholipase  C  (PLC)  inhibitor  U73122  could  not  be  used  in  these  studies 
because  its  delivery  requires  high  percentage  organic  vehicles  that  disrupt 
memory  consolidation  on  their  own.  Xamoterol  hemifumarate  (Tocris 
Bioscience)  was  administered  intraperitoneally  60  min  before  testing 
contextual  fear  in  Dbh  mice  to  rescue  memory  retrieval  (Murchison 
et  al.,  2004).  Drugs  were  dissolved  in  0.9%  saline  (SKF  compounds  and 
procaterol  also  contained  0.1  mg/ml  ascorbic  acid,  pH  7.4,  Sigma).  Ve¬ 
hicle  was  saline  with  or  without  0. 1  mg/nil  ascorbic  acid.  Systemic  injec¬ 
tion  volumes  were  10  pl/g  body  weight. 

CNS  infusion.  Two  guide  cannulae  mounted  on  a  base  plate  (C315GS 
system,  Plastics  One)  were  implanted  under  pentobarbital  anesthesia 
(72.5  mg/kg)  using  a  stereotax  (SAS75/EM40M,  Cartesian  Research). 
The  guides  were  placed  1.25  mm  posterior  to  bregma  and  3.5  mm  bilat¬ 
eral  for  BLA  infusions.  The  guide  and  dummy  cannulae  projected  3  mm 
below  the  base  plate.  Habituation  of  the  animals  to  the  investigator  and 
the  infusion  procedure  began  a  couple  of  days  later  with  a  3  min  handling 
session  followed  by  3  min  of  immobilization  (gently  holding  the  nape  of 
the  neck  and  body)  that  mimicked  infusion.  Five  handling  sessions  were 
given,  with  two  of  them  being  on  the  2  d  immediately  preceding  training 
and  the  final  one  being  1  h  before  training.  Immediately  after  training, 
mice  were  infused  bilaterally  using  injection  cannulae  that  extended  2.8 
mm  below  the  tip  of  the  guide  cannulae.  Infusion  was  0.2  ju.l/side  at  0.08 
pl/min,  with  the  injection  cannulae  being  left  in  place  for  30  s  before  the 
mouse  was  returned  to  its  home  cage.  Because  studies  indicate  that  the 
effects  of  PTx  are  best  evaluated  3  d  after  infusion,  PTx  was  infused  into 
the  BLA  3  d  before  training  (Goh  and  Pennefather,  1989;  Stratton  et  al., 
1989).  For  sites  adjacent  to  the  BLA,  infusions  were  displaced  0.75  mm 
from  the  BLA  coordinates  in  the  direction  indicated.  As  a  result,  dorsal 
was  in  the  posterior  striatum,  ventral  was  near  the  ventral  piriform  cor¬ 
tex,  medial  was  at  the  central/medial  amygdala  border,  lateral  was  in  the 
dorsal  piriform  cortex,  rostral  was  in  the  extreme  anterior  amygdala,  and 
caudal  was  in  the  extreme  posterior  amygdala. 

IP3  levels.  Mice  were  anesthetized  with  C02,  killed  by  cervical  disloca¬ 
tion  and  brains  were  rapidly  removed,  frozen  in  isopentane  on  dry  ice 
and  stored  at  — 80°C.  Two  frozen  coronal  sections  (400  pm)  that  con¬ 
tained  the  BLA  were  cut  by  cryostat  (HM505E,  Microm)  from  each 
mouse,  and  a  0.5  mm  diameter  punch  of  BLA  tissue  was  collected  bilat¬ 
erally  from  each  slice.  The  four  punches  per  mouse  were  pooled  and 
homogenized  on  ice  with  three  2  s  pulses  (5  s  interval)  in  125  pi  of  4% 
perchloric  acid  using  a  Sonic  Dismembrator  100  set  on  level  3  (Thermo 
Fisher  Scientific).  After  15  min  on  ice,  samples  were  stored  overnight  at 
— 80°C.  The  next  day  samples  were  centrifuged  at  4°C  and  2000  X  g  for  1 5 
min,  and  the  pellet  was  stored  at  —  80°C  for  subsequent  Bradford  assay  to 
determine  total  protein.  Supernatants  were  neutralized  on  ice  with  10  M 
KOH  (to  precipitate  the  perchloric  acid)  and  centrifuged  at  4°C  and 
2000  X  g  for  1 5  min.  Supernatant  (100  pi)  was  then  used  in  the  [  3H]  -IP3 
radioreceptor  assay  (PerkinElmer)  according  to  instructions.  Pilot  ex¬ 
periments  indicated  that  IP3  levels  were  elevated  30  min  after  systemic 
agonist  injection,  but  not  at  15,  22,  or  35  min. 

Statistics.  Data  were  analyzed  with  Statistica  9.1  (StatSoft)  using  one- 
or  two-way  ANOVA  with  a  =  0.05.  The  Bartlett  Chi-square  test  was  used 
to  analyze  homogeneity  of  variances.  Post  hoc  comparisons  were  made 
using  Duncan’s  range  test.  In  Figures  1-9,  data  are  presented  as  mean 
±  SE.  Comparisons  marked  as  significant  are  to  the  reference  group  ex¬ 
cept  where  indicated. 

Results 

Redundancy  between  D1/5-dopaminergic  and 
/32-adrenergic  signaling 

To  determine  whether  signaling  by  DA  might  be  redundant  with 
that  for  NE/E,  we  first  examined  the  effect  of  the  D1>5  antagonist 
SCH  23390  (SCH)  on  memory  consolidation  when  administered 
immediately  after  classical  fear  conditioning  in  wild-type  mice 
and  mice  completely  lacking  NE/E  (Iorio  et  al.,  1983).  Mice  that 
lacked  NE/E  were  homozygous  for  targeted  disruption  of  the 
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Figure  1.  D1/5  -dopaminergic  signaling  is  redundant  with  /32-adrenergic  signaling  for  fear  memory  consolidation.  A,  General  time  line  for  fear  memory  experiments,  indicating  that  drugs  were 
administered  immediately  after  conditioning  and  testing  was  performed  the  next  day.  More  extensive  pretraining  handling  was  performed  for  CNS  infusion  experiments.  Forthisfigure,  conditioning 
was  with  intense  shock  (1  mA).  B — E,  A  D1/5  receptor  antagonist  (SCH  23390  or  ecopipam)  was  injected  intraperitoneally.  fi,  Cued  fear  test,  p  =  0.0001  for  the  main  effect  of  dose;  p  <  0.0001  for 
the  main  effect  of  genotype;  and  p  =  0.0004  for  the  interaction  of  dose  and  genotype  (6/group).  C,  Contextual  fear  test.  The  0., -adrenergic  receptor  agonist  xamoterol  (3  mg/kg)  was  administered 
60  min  before  testing  contextual  fear  in  Dbh  mice  to  rescue  their  contextual  memory  retrieval  deficit  (Murchison  et  al.,  2004).  p  =  0.027  for  the  main  effect  of  treatment;/;  =  0.005  forthe  main 
effect  of  genotype;  and  p  =  0.039  for  the  interaction  of  treatment  and  genotype  (6/group).  D,  Cued  fear  test,  p  =  0.0006  for  the  main  effect  of  dose;  p  <  0.0001  for  the  main  effect  of  genotype; 
and  p  =  0.0003  for  the  interaction  of  dose  and  genotype  (5-  8/group).  E,  Instrumental  fear  test.  Main  effects  and  their  interaction  were  not  significant  (7-  8/group).  F,  G,  Cued  fear  test.  The  01/5 
antagonist  SCH  23390  (30  ;u,g/kg)  was  administered  to  wild-type  mice  either  in  saline  ( —  or  0)  or  in  combination  with  a  /3-adrenergic  receptor  antagonist.  F,  The  jS  antagonists  used  were  either 
the  nonselective  /3  blocker  (-)-propranolol  (j3),  the  j3q-selective  blocker  CGP  20712A  (0,),  or  the  /32-selective  blocker  IC1 1 1 8,551  (j32),  each  at  1  mg/kg.  p  =  0.0005  forthe  main  effect  of  treatment 
(6  -9/group).  C,  ICI  tested  at  lower  doses  in  combination  with  SCH  (30  /xg/kg).  p  =  0.003  for  the  main  effect  of  dose  (6  -12/group).  H,  SCH  (30  yxg/kg)  was  administered  with  the  02  agonist 
procaterol.p  =  0.0008  for  the  main  effect  of  dose  (6/group).  <  0.05, ' p  <  0.01,  *p  <  0.001. 


dopamine  0-hydroxylase  gene  (DWz~/_)  (Thomas  et  al.,  1995). 
The  same  general  treatment  protocol  was  used  for  this  and 
subsequent  experiments  (Fig.  1A).  One  day  after  fear  condi¬ 
tioning,  Dbh  mice  treated  immediately  after  training  with 
the  Dj  5  antagonist  SCH  at  10-30  p,g/kg  body  weight  exhibited 
low  freezing  in  response  to  the  training  cue  (a  tone  that  im¬ 
mediately  preceded  shock)  compared  with  Dbh  mice 
treated  with  vehicle  or  with  wild-type  mice  treated  with  either 
SCH  or  vehicle  (Fig.  IS). 

In  a  separate  group  of  mice  tested  for  their  contextual  fear  of 
the  training  apparatus  (no  tone),  SCH  also  impaired  consolida¬ 
tion  selectively  in  Dbh  mice  relative  to  wild-type  mice  (Fig. 
1C).  Mice  lacking  NE/E  exhibit  impaired  retrieval  of  contextual 
fear  1  d  after  conditioning  due  to  lack  of  0q  signaling  (Murchison 
et  al.,  2004).  Thus,  to  examine  potential  effects  ofNE/E  deficiency 
on  consolidation,  retrieval  was  rescued  in  the  contextual  fear 
experiment  by  administering  the  02 -selective  agonist  xamoterol 
shortly  before  testing  (Hicks  et  al.,  1987;  Murchison  et  al.,  2004). 
For  simplicity,  subsequent  experiments  using  classical  fear  con¬ 
ditioning  focused  on  cued  fear,  for  which  retrieval  is  independent 
ofNE/E. 

In  addition  to  classical  fear,  we  examined  whether  consolida¬ 
tion  of  instrumental  fear  requires  NE/E  and/or  D15  signaling. 
Wild-type  and  Dbh  mice  were  treated  with  either  vehicle  or 
SCH  immediately  after  conditioning.  Neither  the  absence  of 
NE/E  by  itself  nor  treatment  of  wild-type  mice  with  SCH  im¬ 
paired  consolidation  of  instrumental  fear  (Fig.  ID),  confirming 
previous  observations  with  Dbh  mice  (Thomas  and  Palmiter, 
1997).  Furthermore,  and  in  contrast  to  the  results  for  classical 
fear,  treatment  of  Dbh  mice  with  SCH  also  had  no  effect  on 
the  consolidation  of  instrumental  fear.  Differences  in  signaling 
mechanisms  between  instrumental  and  classical  fear  condition¬ 
ing  may  parallel  differences  in  their  reliance  on  the  amygdala 
(Wilensky  et  al.,  2000). 


A  potential  confound  of  the  above  results  for  classical  fear 
conditioning  is  that  SCH  is  also  an  agonist  at  serotonin  5-HT2C 
receptors  (Ramos  et  al.,  2005).  To  further  examine  a  role  for  D15 
receptors,  we  used  a  less  potent  but  more  selective  D15  antago¬ 
nist,  ecopipam,  that  lacks  serotonin  receptor  activity  (Chipkin  et 
al.,  1988).  Similar  to  SCH,  ecopipam  impaired  cued  fear  memory 
consolidation  selectively  in  Dbh^'~  mice  (Fig.  IE). 

The  results  to  this  point  are  consistent  with  two  distinct  po¬ 
tential  roles  for  DA  in  classical  fear  memory  consolidation.  First, 
DA  might  not  normally  play  a  role  in  consolidation,  but  instead 
might  compensate  for  the  chronic  lack  ofNE/E  in  Dbh  mice. 
Alternatively,  NE/E  and  DA  might  both  contribute  to  consolida¬ 
tion,  but  their  roles  would  be  redundant.  In  the  latter  case,  stim¬ 
ulation  of  either  system  might  facilitate  consolidation,  but  only 
impairments  in  signaling  by  both  systems  would  cause  deficits  in 
consolidation.  To  evaluate  these  possibilities,  wild-type  mice 
were  treated  with  SCH,  the  0-adrenergic  receptor  antagonist  pro¬ 
pranolol,  or  the  combination.  Mice  treated  with  SCH  or  propran¬ 
olol  alone  exhibited  normal  cued  fear  memory,  while  mice 
treated  with  the  combination  of  SCH  plus  propranolol  exhibited 
impaired  memory  (Fig.  IE).  Furthermore,  a  selective  02  antago¬ 
nist  (ICI  118,551  =  ICI)  but  not  a  selective  02  antagonist  (CGP 
207 12 A)  impaired  consolidation  when  combined  with  SCH, 
while  ICI  alone  had  no  effect  (O’Donnell  and  Wanstall,  1980; 
Dooley  et  al.,  1986).  Dose-response  data  indicated  that  ICI  was 
fully  effective  at  30  /xg/kg  when  it  was  combined  with  SCH  (Fig. 
1G).  The  results  provide  strong  initial  support  for  the  idea  that 
DA  and  NE/E  act  in  a  redundant  manner  to  consolidate  classical 
fear  memory. 

Results  from  the  antagonist  studies  suggest  that  02  signaling  is 
required  for  the  role  of  NE/E  in  consolidation.  To  determine 
whether  02  signaling  is  sufficient  for  the  role  ofNE/E,  Dbh 
mice  were  treated  with  both  SCH  (to  impair  consolidation)  and 
various  doses  of  the  selective  02  agonist  procaterol  (Waelbroeck 
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Figure  2.  Redundancy  for  fear  memory  consolidation  also  occurs  in  rats.  Experimental  de¬ 
sign  was  as  depicted  in  Figure  1 A  using  intense  shock  (1.7  mA  for  rats).  Rats  were  treated  with 
either  saline  (0),  SCH,  ICI  or  the  combination,  p  <  0.0001  for  the  main  effect  of  treatment 
(4-8/group).  *p  <  0.001. 

et  al.,  1983).  Procaterol  provided  a  dose-dependent  rescue  of 
cued  fear  memory  consolidation,  suggesting  that  j82  signaling  is 
sufficient  for  mediating  the  role  of  NE/E  in  consolidation  in  the 
absence  of  D15  signaling  (Fig.  1 H). 

Redundancy  also  occurs  in  rats,  is  localized  to  the  BLA,  and  is 
mediated  by  D5  receptors 

Many  prior  studies  examining  the  roles  of  catecholamines  in  fear 
memory  have  used  rats  rather  than  mice.  To  determine  whether 
redundancy  between  catecholamines  generalizes  across  species, 
rats  were  fear  conditioned  and  treated  with  SCH  and/or  ICI. 
Consistent  with  the  results  obtained  from  mice,  only  concurrent 
administration  of  SCH  and  ICI  impaired  cued  fear  memory  con¬ 
solidation  in  rats  (Fig.  2). 

Because  the  BLA  is  critical  for  fear  memory  consolidation,  we 
asked  whether  redundant  catecholamine  signaling  occurs  in  this 
brain  region.  One  week  before  conditioning,  mice  were  can- 
nulated  to  permit  infusions  into  the  BLA.  When  SCH  and/or 
ICI  were  infused  bilaterally  immediately  after  training,  only 
the  combination  of  drugs  impaired  memory  consolidation 
(Fig.  3A).  To  determine  whether  drug  infusions  into  the  BLA 
impair  consolidation  by  affecting  adjacent  brain  regions  in¬ 
stead  of  the  BLA,  the  SCH/ICI  combination  was  infused  into 
each  of  six  locations  surrounding  the  BLA  (Fig.  3C).  These 
infusions  did  not  impair  consolidation,  indicating  that  the 
BLA  is  the  site  of  drug  action  (Fig.  3 B). 

To  genetically  test  a  role  for  (3  receptors,  mice  with  a  targeted 
disruption  of  the  gene  for  either  the  j8r  or  /32-adrenergic  receptor 
were  treated  with  SCH  or  vehicle.  While  SCH  had  no  effect  on 
consolidation  in  /31  knock-out  (KO)  mice  (Fig.  4A),  SCH  im¬ 
paired  consolidation  in  jS2  KO  mice  (Fig.  4B).  As  a  genetic  com¬ 
plement  to  nonselective  (3  receptor  blockade,  cued  fear  memory 
was  also  examined  in  j312  double  KO  mice,  and  no  deficit  was 
observed  (Fig.  4C).  Importantly,  the  pharmacologic  studies  to 
this  point  were  unable  to  distinguish  between  the  potential  roles 
of  D!  and  D5  receptors  in  consolidation  due  to  a  lack  of  receptor 
subtype  selectivity  of  the  drugs.  For  this  purpose,  gene-targeted 
mice  were  used.  While  the  j32  antagonist  ICI  had  no  effect  on 
consolidation  in  Dj  KO  mice  (Fig.  4D),  ICI  impaired  consolida¬ 
tion  in  D5  KO  mice  (Fig.  4 E),  indicating  that  the  role  of  DA  in 
consolidation  is  mediated  by  the  D5  receptor. 

Agonists  of  /S2  or  D5  receptors  enhance  fear  memory 
consolidation 

Given  the  roles  for  J32  and  D5  receptors  defined  above,  we  asked 
whether  activating  these  specific  receptors  shortly  after  condi¬ 
tioning  would  enhance  fear  memory  consolidation  in  mice  when 


trained  with  a  lower  shock  intensity.  For  NE/E,  enhancement  of 
consolidation  by  (3  receptor  stimulation  has  not  been  demon¬ 
strated  for  classical  fear,  although  this  has  been  demonstrated  for 
instrumental  fear  (McGaugh  and  Roozendaal,  2002).  For  DA, 
results  from  BLA  infusion  of  a  D1j5  receptor  agonist  before  clas¬ 
sical  fear  conditioning  suggest  that  stimulation  of  these  receptors 
enhances  either  acquisition  or  consolidation  (Guarraci  et  al., 
1999). 

When  wild-type  mice  were  systemically  injected  with  the  j32 
agonist  procaterol  immediately  after  conditioning,  cued  fear 
memory  was  significantly  enhanced  (Fig.  5A).  When  mice  were 
injected  with  the  D15  agonist  SKF  38393  immediately  after  con¬ 
ditioning,  cued  fear  memory  was  also  significantly  enhanced  (Fig. 
5 B).  Of  note,  D1j5  receptors  can  activate  various  downstream 
effectors,  including  AC  and  PLC,  and  certain  Dt  5  agonists  can 
induce  the  selective  activation  of  either  AC  or  PLC  (Undie  et  al., 
1994;  jin  et  al.,  2003).  To  gain  insight  into  the  initial  mechanism 
by  which  D1j5  receptors  might  enhance  consolidation,  effector- 
selective  D15  agonists  were  used.  While  an  AC-selective  D15  ag¬ 
onist  did  not  significantly  alter  consolidation,  a  PLC-selective 
Dj  5  agonist  enhanced  consolidation  to  an  extent  similar  to  that 
for  the  nonselective  Dt  5  agonist  used  initially  (Fig.  5 B-D).  Be¬ 
cause  Dj  5  agonists  do  not  distinguish  between  these  two  recep¬ 
tors,  receptor  KO  and  wild-type  littermate  control  mice  were 
used.  The  ability  of  the  nonselective  and  PLC-selective  D1j5  ago¬ 
nists  to  enhance  consolidation  was  absent  in  D5  KO  mice,  al¬ 
though  the  j32  agonist  procaterol  remained  effective  (Fig.  5 E). 
Similarly,  the  ability  of  procaterol  to  enhance  consolidation  was 
absent  in  j32  KO  mice,  although  aD15  agonist  remained  effective 
(Fig.  5 F). 

f}2  and  D5  signaling  in  consolidation  converge  on  the 
activation  of  PLC 

Given  that  D5  may  activate  PLC  to  enhance  fear  memory  consol¬ 
idation,  we  asked  whether  directly  stimulating  PLC  activity  with 
the  agonist  m-3M3FBS  enhances  consolidation  (Bae  et  al.,  2003). 
In  support  of  a  role  for  PLC,  infusion  into  the  BLA  of  this  PLC 
agonist  also  enhanced  consolidation  (Fig.  6A).  We  next  asked 
whether  inhibiting  PLC  activity  would  impair  consolidation  by 
infusing  the  PLC  inhibitor  edelfosine  into  the  BLA  immediately 
after  training  (Powis  et  al.,  1992).  Edelfosine  dose-dependently 
impaired  consolidation  (Fig.  6 B),  suggesting  that  activation  of 
PLC  may  be  required  for  fear  memory  consolidation,  and  that 
this  could  be  a  site  of  convergence  for  D5  and  jS2  signaling.  Infu¬ 
sion  of  edelfosine  either  1  d  before  or  4  h  after  conditioning  had 
no  effect  on  cued  fear  memory,  indicating  that  edelfosine  does 
not  lesion  the  BLA  or  impair  expression  (Fig.  6C) .  Although  prior 
studies  support  the  possibility  that  D5  may  signal  via  Gq  and  PLC 
in  the  amygdala  (Friedman  et  al.,  1997;  Leonard  et  al.,  2003;  Sahu 
et  al.,  2009),  the  only  data  indicating  that  /32  could  signal  via  PLC 
come  from  heterologous  expression  of  f32  receptors  in  HEK-293 
cells  in  vitro  (Keiper  et  al.,  2004). 

To  determine  whether  D5,  /32,  or  both  receptors  might  signal 
via  PLC  to  promote  consolidation,  we  used  edelfosine  in  two 
complementary  experiments.  The  first  experiment  was  based  on 
the  idea  that  PLC  activity  could  be  reduced  to  a  point  where  it 
becomes  rate-limiting  for  consolidation.  To  achieve  this,  edelfos¬ 
ine  was  infused  into  the  BLA  at  the  highest  dose  (0.2  ng)  that  did 
not  impair  consolidation.  We  then  examined  the  combinatorial 
effects  of  PLC  and  receptor  blockade.  Edelfosine  at  0.2  ng  was 
administered  with  a  dose  (50  ng)  of  either  SCH  or  ICI  that  im¬ 
pairs  consolidation  when  combined  with  each  other  but  not 
when  given  alone  (Fig.  3A).  The  combination  of  edelfosine  plus 
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Figure  3.  BLA  is  the  locus  of  redundant  signaling  in  fear  memory  consolidation.  Experimental  design  was  as  depicted  in  Figure  1 A  using  intense  shock  (1  mA  for  mice).  A,  Drugs  were  infused 
bilaterally  into  the  BLA  of  wild-type  mice,  p  <  0.0001  for  the  main  effect  of  treatment  (5-  8/group).  B,  The  combination  of  SCH  plus  ICI  (each  50  ng)  was  infused  bilaterally  into  the  BLA  or  into 
adjacent  brain  regions  displaced  0.75  mm  in  the  direction  indicated,  p  <  0.0001  for  the  main  effect  of  treatment  (5-  6/group).  C,  Injection  cannula  tips  were  located  within  spheres  marked  by  the 
circles  on  the  atlas  drawings  (Frankland  and  Paxinos,  1 997).  *p  <  0.001 . 
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Figure  4.  The  role  of  DA  in  fear  memory  consolidation  is  mediated  by  D5  receptors.  Experimental  design  was  as  depicted  in  Figure  1 A  using  intense  shock  (1  mA).  A,  B,  Either  saline  (Sal)  or  a  D1/5 
antagonist  (SCH,  30  jiig/kg)  was  administered  to  wild-type  (WT)  and  /3  receptor  knock-out  (K0)  mice.  For  j32  mice,p  =  0.016  for  the  main  effect  of  treatment;  p  =  0.0044  for  the  main  effect  of 
genotype;  and  p  =  0.0006  for  the  interaction  of  treatment  and  genotype  (5/group).  C  Sal  was  administered  to  WT  and  j3, 2  double  KOmice.  No  significant  difference  was  observed  (5/group).  D, 
E,  Either  Sal  ora  j32  antagonist  (ICI,  30  jug/kg)  was  administered  to  WT  and  DA  receptor  KOmice.  For  D5  mice,/;  =  0.004  for  the  main  effect  of  treatment;/;  =  0.0006  forthe  main  effect  of  genotype; 
andp  =  0.029  for  the  interaction  of  treatment  and  genotype  (5-8/group).  *p  <  0.001. 


SCH  and  the  combination  of  edelfosine  plus  ICI  each  impaired 
consolidation  (Fig.  6 B). 

The  second  experiment  examined  the  ability  of  agonists  to 
enhance  consolidation  when  PLC  was  inhibited.  Edelfosine,  at 
the  smallest  dose  (2  ng)  that  impaired  consolidation  of  high- 
shock  intensity  training,  was  infused  into  the  BLA  while  admin¬ 
istering  a  D15  or  j82  agonist  systemically  immediately  after 
training  with  lower  shock  intensity.  Edelfosine  blocked  the  en¬ 
hancements  of  consolidation  induced  by  the  D1j5  agonist  and  by 
the  j82  agonist  (Fig.  6 D). 

Results  from  the  above  two  experiments  suggested  that  D5  and 
j82  receptors  may  both  signal  via  PLC  to  promote  consolidation. 
To  further  test  this  possibility,  inositol- 1, 4, 5-trisphosphate  (IP3), 
a  second  messenger  molecule  generated  by  PLC  activity,  was 
measured  in  the  BLA  following  systemic  administration  of  a  Dl  s 
or  p2  agonist.  Significant  increases  in  IP3  levels  in  the  BLA  were 
observed  ex  vivo  with  each  agonist  in  wild-type  mice  (Fig.  7A). 


Because  this  is  a  novel  finding  for  j82  stimulation,  j32  KO  mice 
were  also  examined.  In  these  mice,  a  D3  5  agonist  but  not  a  j32 
agonist  caused  BLA  IP3  levels  to  increase  (Fig.  7 B).  For  D5,  others 
have  shown  that  the  ability  of  D15  agonists  to  augment  IP3  levels 
in  various  brain  regions  is  absent  in  D5  KO  mice  (Sahu  et  al., 
2009). 

Finally,  we  asked  whether  learning-specific  activation  of 
PLC  occurs  in  the  BLA  by  measuring  IP3  levels  ex  vivo  follow¬ 
ing  fear  conditioning.  IP3  levels  were  elevated  in  the  BLA  30 
min  after  fear  conditioning  when  compared  with  pseudocon¬ 
ditioning  or  no  conditioning  (Fig.  7 C).  The  elevation  in  IP3 
was  selective  for  this  time  point,  as  several  earlier  and  later  time 
points  from  3-60  min  did  not  show  elevation  (Fig.  7 D).  Systemic 
administration  of  SCH  or  ICI  immediately  after  conditioning 
had  no  effect  on  IP3  levels  30  min  after  conditioning  (Fig.  7 E).  In 
contrast,  administration  of  SCH  and  ICI  combined  significantly 
reduced  IP3  levels  relative  to  vehicle  administration,  demonstrat- 
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Figures.  Agonists  of  /32  or  D5  receptors  enhance  fear  memory  consolidation.  Experimental  design  was  as  depicted  in  Figure  1 A  using  moderate  shock  (0.4  mA).4,  Various  doses  of  the 
/82  agonist  procaterol  were  injected  immediately  after  conditioning,  p  =  0.043  for  the  main  effect  of  dose  (6 -11  /group).  6-0,  Various  doses  of  either  a  nonselective  D1/5  agonist  (SKF 
38393),  a  D1/5  agonist  that  selectively  activates  AC  (SKF  83822),  or  a  D1/5  agonist  that  selectively  activates  PLC  (SKF  83959)  were  tested,  p  =  0.01 7  and  p  =  0.0038  for  the  main  effect 
of  dose  for  SKF  38393  and  SKF  83959,  respectively  (8-13/group).  E,  F,  Procaterol  (50  jxg/kg)  or  D1/s  agonist  (5  mg/kg  for  SKF  38393  or  2  mg/kg  for  SKF  83959)  was  administered  to  j32 
KOand  D5  KO  mice  and  their  wild-type  littermate  controls.  £,p  =  0.0001  for  the  main  effect  of  treatment;/;  =  0.013  for  the  main  effect  of  genotype;  and  p  =  0.01 5  for  the  interaction 
of  treatment  and  genotype  (8-31/group).  F,  p  <  0.0001  for  the  main  effect  of  treatment;  p  =  0.0009  for  the  main  effect  of  genotype;  and  p  =  0.009  for  the  interaction  of  treatment 
and  genotype  (5-13/group).  *p  <  0.05,  'p  <  0.01,  >  <  0.001. 
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Figure  6.  PLC  is  a  critical  regulator  of  consolidation.  Experimental  design  was  similar  to  that  depicted  in  Figure  1 A  using  moderate  or  intense  shock  (0.4  or  1  mA).  A,  The  PLC  agonist 
m-3M3FBS  was  infused  into  the  BLA  of  wild-type  mice  after  training  with  0.4  mA.p  =  0.001  for  the  main  effect  of  dose  (5/group).  6,  The  PLC  inhibitor  edelfosine  alone  or  in  combination 
with  either  ICI  (50  ng)  or  SCH  (50  ng)  was  infused  into  the  BLA  after  training  with  1mA .  p  <  0.0001  for  the  main  effect  of  treatment  (5-7/group).  C,  Infusion  time  is  relative  to 
conditioning.  Cued  fear  testing  was  performed  1  d  after  training.  The  main  effects  of  treatment  and  of  time,  as  well  as  their  interaction,  were  not  significant  (5/group).  O,  Mice  were  fear 
conditioned  using  0.4  mA.  Saline  (Sal)  or  edelfosine  (2  ng)  was  then  infused  into  the  BLA,  and  immediately  afterward  either  vehicle,  SKF  83959  (2  mg/kg)  or  procaterol  (50  ng/kg)  was 
injected  intraperitoneally./)  =  0.001  for  the  main  effect  of  agonist;/)  <  0.0001  for  the  main  effect  of  antagonist;  and  p  =  0.0027  for  the  interaction  of  agonist  and  antagonist  (5/group). 
*p  <  0.05,  ><0.01,  ><0.001. 


Figure  7.  Redundancy  between  j32  and  D5  signaling  occurs  via  activation  of  PLC.  Experimental  design  was  similar  to  that  depicted  in  Figure  1 A  using  moderate  or  intense  shock  (0.4  or  1  mA).4, 
Wild-type  mice  were  injected  intraperitoneally  with  either  vehicle,  SKF  83959  (2  mg/kg)  or  procaterol  (50  ng/kg)  and  killed  30  min  later.  Punches  from  the  BLA  were  assayed  for  IP3  (pmol/mg 
protein)./;  =  0.045  for  the  main  effect  of  agonist  (10/group).  6,  j32  K0  mice  were  treated  as  described  in  A.p  =  0.044  for  the  main  effect  of  agonist  (9  -1 0/group).  C,  Mice  were  treated  as  indicated 
and  killed  30  min  later.  Shock  intensity  was  1  mA  for  the  pseudo-  and  classical-conditioned  groups.  The  classical-conditioned  group  exhibited  significantly  higher  IP3  levels  in  the  BLA  relative  to  the 
pseudo-conditioned)/)  =  0.033)  and  naive  (p  =  0.016)  groups./)  =  0.021  for  the  main  effect  of  conditioning  (6 -10/group).  D,  Mice  were  handled  as  in  (Q  and  killed  at  the  times  indicated.  Main 
effects  and  their  interaction  were  not  significant  (5-7/group),  f,  Mice  were  fear  conditioned  using  1  mA  and  then  injected  intraperitoneally  with  either  Sal,  SCH  (30  /xg/kg),  ICI  (30  /xg/kg),  or  the 
combination  of  SCH  and  ICI,  and  killed  30  min  later.  Only  combined  treatment  caused  a  significant  reduction  in  conditioning-induced  IP3  levels  in  the  BLA./)  =  0.039  for  the  main  effect  of  treatment 
(21/group).  ><0.05. 
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Figure  8.  j32  activation  of  PLC  in  the  BLA  is  mediated  by  Gi/o.  Experimental  design  was  similar  to  that  depicted  in  Figure  1 A 

using  moderate  or  intense  shock  (0.4  or  1  mA)  .A,  Pertussis  toxin  (PTx,  1  ng)  or  Sal  was  infused  into  the  BLA  3  d  before  training. 
Immediately  after  training  with  1  mA,  either  Sal,  SCH  (50  ng),  or  ICI  (50  ng)  was  infused  into  the  BLA.p  =  0.0002forthe  main  effect 
of  pretreatment;  p  <  0.0001  for  the  main  effect  of  treatment;  and  p  <  0.0001  for  the  interaction  of  pretreatment  and  treatment 
(5/group).  B,  Sal  or  PTx  (1  ng)  was  infused  into  the  BLA  3  d  before  training.  Immediately  after  training  with  1  mA,  either  Veh,  SKF 
83959  (2  mg/kg),  or  procaterol  (50  yxg/kg)  was  injected  intraperitoneally.p  =  0.018  for  the  main  effect  of  pretreatment;  p  = 
0.0009  for  the  main  effect  of  treatment;  and  p  =  0.01 4  for  the  interaction  of  pretreatment  and  treatment  (5-10/group).  *p  < 
0.05;  >  <  0.01,  #p<  0.001. 


Figure  9.  Schematic  diagram  of  functional  redundancy.  DA  and  NE  are  functionally  redundant  for  fear  memory  consolidation  in 
the  BLA  due  to  activation  of  PLC  by  D5-Gqa  and  j32-Gi/o/3y  receptor  signaling.  Whether  downstream  signaling  activated  by  the 
second  messengers  IP3/Ca 2+,  diacylglycerol  (DAG),  or  both  is  required  is  currently  unclear,  but  both  are  likely  required  for  acti¬ 
vating  a  conventional  isozyme  of  protein  kinase  C  that  is  implicated  in  fear  memory  consolidation  (Weeber  et  al.,  2000).  The  cell 
type(s)  in  which  this  signaling  occurs  has  yet  to  be  defined.  Phosphatidylinositol  4,5-bisphosphate  (PIP2)  is  a  substrate  of  PLC.  The 
endoplasmic  reticulum  (ER)  stores  Ca 2+  for  cytosolic  release  that  is  induced  by  IP3. 


ing  that  redundancy  in  receptor  function 
extends  to  the  learning-induced  produc¬ 
tion  of  IP3  in  the  BLA. 


/32  activation  of  PLC  in  the  BLA  is 
mediated  by  Gi/o 

While  there  is  considerable  evidence  indi¬ 
cating  that  D5  couples  to  Gq  to  activate 
PLC,  evidence  for  the  coupling  of  j32  to  Gq 
is  lacking.  A  study  in  HEK-293  cells  sug¬ 
gested  that  by  coupling  to  Gs,  j32  receptors 
can  sequentially  activate  AC,  Epac,  Rap2, 
and  PLCe.  However,  recent  results  from 
our  laboratory  suggested  an  alternate  po¬ 
tential  mechanism  for  coupling  j32  to  PLC 
in  the  brain.  Retrieval  of  contextual  fear 
memory  requires  NE,  /3 , ,  Gs,  and  AC  sig¬ 
naling  in  the  hippocampus  (Ouyang  et  al., 

2008).  j32  signaling  impairs  retrieval  by 
stimulating  the  inhibitory  G;  class  of  G 
proteins,  causing  cAMP  levels  to  decrease 
in  the  hippocampus  (Schutsky  et  al., 

201 1).  Of  potential  relevance,  G;  signaling 
can  also  result  in  the  activation  of  PLC  by 
releasing  |3y  subunits  that  are  capable  of 
stimulating  PLC/3  isoforms.  Therefore, 
we  asked  whether  such  a  mechanism 
might  apply  to  J32  signaling  in  the  BLA  for 
consolidation. 

Pertussis  toxin  (PTx)  inactivates  Gi/o 
proteins  through  ADP  ribosylation,  un¬ 
coupling  them  from  their  receptors.  Be¬ 
cause  it  takes  several  days  to  observe 
optimal  efficacy  when  PTx  is  adminis¬ 
tered  in  vivo,  PTx  was  infused  into  the 
BLA  3  d  before  conditioning  (Goh  and 
Pennefather,  1989;  Stratton  et  al.,  1989). 

BLA  pretreatment  with  PTx  had  no  effect 
on  consolidation  when  saline  was  infused 
immediately  after  training,  suggesting 
that  Gy,,  signaling  is  not  essential  for  con¬ 
solidation  (Fig.  8A).  That  outcome  was 
expected  if  only  one  of  the  redundant 
pathways  uses  Gi/o.  Interestingly,  pretreat¬ 
ment  with  PTx  impaired  consolidation 
when  SCH  was  infused  immediately  after  training.  This  outcome 
suggested  that  PTx  pretreatment  might  be  mimicking  )32  blockade. 
In  support  of  this  idea,  pretreatment  with  PTx  did  not  affect  consol¬ 
idation  when  ICI  was  infused  immediately  after  training.  Together, 
these  results  suggest  that  j32  but  not  D5  signaling  in  the  BLA  is  me¬ 
diated  by  Gy0.  To  further  test  this  possibility,  PTx  was  infused  into 
the  BLA  before  treating  with  receptor  agonists  to  enhance  consoli¬ 
dation.  PTx  pretreatment  blocked  the  enhancement  of  consolida¬ 
tion  normally  observed  following  systemic  treatment  with  a  jS2 
agonist,  but  had  no  effect  on  the  ability  of  a  D1>5  agonist  to  enhance 
consolidation  (Fig.  8B). 

Discussion 

In  summary,  our  experiments  identify  an  important  but  redun¬ 
dant  role  in  classical  fear  memory  consolidation  for  adrenergic 
signaling  by  /32  receptors  and  dopaminergic  signaling  by  D5  re¬ 
ceptors  (Fig.  9).  It  is  well  recognized  that  there  are  multiple  stress- 
response  mediators  with  distinct  but  overlapping  temporal  and 


mechanistic  attributes  (Joels  and  Baram,  2009).  Redundancy  in 
systems  responsible  for  potentially  life-preserving  processes  such 
as  long-term  fear  memory  consolidation  could  be  advantageous 
for  survival.  While  we  have  found  that  NE  and  DA  act  in  a  redun¬ 
dant  manner  to  consolidate  classical  fear  memory,  it  is  also  pos¬ 
sible  that  each  has  additional  unique  roles  during  (but  not 
essential  to)  consolidation  that  may  be  identified  in  future 
studies. 

While  it  has  been  widely  hypothesized  that  endogenous  NE/E 
and  /3-adrenergic  signaling  play  critical  roles  in  amygdala- 
dependent  emotional  memory  consolidation,  there  is  a  paucity  of 
evidence  indicating  that  such  signaling  is  uniquely  required  for 
this.  In  one  study  suggesting  a  unique  role,  various  /3  receptor 
antagonists  (including  ICI)  were  infused  into  the  BLA  of  rats 
immediately  after  cued  fear  conditioning,  and  impairment  of 
cued  fear  was  reported  1  d  later  (Qu  et  al.,  2008).  However,  the 
doses  of  antagonist  used  were  100-fold  higher  than  those  found 
to  be  effective  for  ICI  (when  combined  with  SCH)  in  the  current 
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study,  and  are  considerably  higher  than  what  should  be  necessary 
for  the  size  difference  between  rats  and  mice.  Another  study  sug¬ 
gested  that  J3  receptors  contribute  to  the  acquisition  but  not  con¬ 
solidation  of  cued  fear  memory  (Bush  et  al.,  2010).  However,  it  is 
difficult  to  reconcile  the  above  observations  with  results  from 
mouse  genetic  models,  which  do  not  support  a  unique  role  for  j3 
receptors  in  the  acquisition,  consolidation,  or  retrieval  of  cued 
fear  memory:  Dbh  [31  KO,  /32  KO,  or  /3,/|32  double  KO  mice 
do  not  exhibit  cued  fear  deficits.  Furthermore,  our  pharmaco¬ 
logic  data  from  the  current  study  and  a  previous  study  using  mice 
and  rats  support  the  genetic  findings  (Murchison  et  al.,  2004). 

With  respect  to  the  role  for  DA,  results  from  some  studies 
suggest  that  D1>5  signaling  might  be  required  for  fear  memory 
acquisition  or  consolidation  (Guarraci  et  al.,  1999;  Greba  and 
Kokkinidis,  2000).  However,  doses  of  SCH  used  in  those  studies 
(systemic  or  intra-BLA)  were  10-  to  100-fold  higher  than  those 
found  to  be  effective  here,  potentially  lacking  specificity  for  Dl  s 
signaling.  Relevant  to  this,  we  did  not  observe  a  fear  conditioning 
deficit  in  Dj  or  D5  KO  mice,  confirming  previous  results  (El- 
Ghundi  et  al.,  1999;  Holmes  et  al.,  2001).  These  and  our  results 
contrast  with  a  recent  study  reporting  a  deficit  in  either  the  ac¬ 
quisition  or  consolidation  of  fear-potentiated  startle  in  D!  KO 
mice  (Fadok  et  al.,  2009).  In  that  study,  conditioning  used  30 
trials  reinforced  by  mild  footshocks  (0.2  mA  for  0.5  s),  while  the 
current  study  examined  the  consolidation  of  more  intense  fear 
resulting  from  a  single,  strongly  aversive  footshock  ( 1  mA  for  2  s). 
It  is  possible  that  the  mechanisms  underlying  the  consolidation  of 
multiple  weakly  reinforced  training  trials  are  different  from  those 
for  a  single,  strongly  reinforced  event. 

Given  that  j32  and  D5  receptors  can  couple  to  Gs,  and  that 
cAMP  signaling  is  required  for  classical  fear  memory  consolida¬ 
tion  (Schafe  and  LeDoux,  2000),  it  is  interesting  that  neither  j32 
nor  D5  signaling  in  the  amygdala  may  increase  cAMP  levels.  DA 
and  D15  agonists  fail  to  elevate  cAMP  in  the  BLA  (Leonard  et  al., 
2003),  and  stimulation  of  )32  receptors  in  hippocampal  slices 
causes  a  decrease  in  cAMP  (Schutsky  et  al.,  2011).  However,  our 
results  are  consistent  with  observations  indicating  that  D1>5  ago¬ 
nists  activate  PLC  rather  than  AC  in  the  BLA,  and  that  activation 
of  PLC  by  DA  is  greatly  diminished  in  D5  but  not  D2  KO  mice 
(Friedman  et  al.,  1997;  Leonard  et  al.,  2003;  Sahu  et  al.,  2009). 
Our  results  are  also  consistent  with  observations  indicating  that 
signaling  by  j82  receptors  in  the  heart  and  hippocampus  depends 
predominantly  on  Gi/o  rather  than  Gs  (Rockman  et  al.,  2002; 
Schutsky  et  al.,  2011). 

Results  from  the  current  study  indicate  that  j82  and  D5  recep¬ 
tor  signaling  converge  and  become  redundant  by  activating  PLC. 
Remarkably,  there  is  little  evidence  that  canonical  neurotrans¬ 
mitter  signaling  pathways  that  activate  Gq/PLC  are  required  for 
fear  memory.  Gene-targeted  mice  lacking  expression  of  either 
metabotropic  glutamate  receptor  mGluRl  or  mGluR5,  musca¬ 
rinic  acetylcholine  receptor  M!  or  M3,  serotonergic  receptor 
5-HT2a  or  5-HT2c,  adrenergic  receptor  ald,  or  histaminergic  re¬ 
ceptor  Hj  all  exhibit  intact  cued  fear  memory  (Aiba  et  al.,  1994; 
Lu  et  al.,  1997;  Tecott  et  al.,  1998;  Anagnostaras  et  al.,  2003; 
Sadalge  et  al.,  2003;  Weisstaub  et  al.,  2006;  Dai  et  al.,  2007;  Poulin 
et  al.,  2010).  Pharmacologically,  there  is  evidence  for  and  against 
mGluR5  signaling  being  required  for  cued  fear  memory  (Nielsen 
et  al.,  1997;  Rodrigues  et  al.,  2002;  Gravius  et  al.,  2006),  although 
stimulating  mGluRl/5  receptors  can  enhance  fear  memory 
(Rudy  and  Matus-Amat,  2009).  For  NE/E,  antagonist  treatment 
suggests  that  oq-adrenergic  signaling  is  not  required  for  fear 
memory  (Lazzaro  et  al.,  2010).  On  the  other  hand,  mice  with  a 
targeted  disruption  of  the  gene  for  PLC-/31  exhibit  greatly  re¬ 


duced  contextual  fear,  although  this  could  be  due  to  a  deficit  in 
hippocampus-dependent  memory  rather  than  BLA-dependent 
fear  memory  per  se  (McOmish  et  al.,  2008a, b). 

Stimulation  of  PLC  is  likely  to  activate  Ca2+-  and  diacyl- 
glycerol-dependent  signaling  such  as  that  mediated  by  protein 
kinase  C  (PKC)  and  calmodulin-dependent  kinases  (CaMKs). 
Genetic  and  pharmacologic  data  support  a  role  for  these  kinases 
in  fear  memory.  Genetic  disruption  of  the  PKC/3  gene  or  the 
CaMKIV  gene  results  in  impaired  cued  and  contextual  fear 
(Weeber  et  al.,  2000;  Wei  et  al.,  2002),  and  inhibitors  of  PKC 
infused  into  the  BLA  shortly  after  conditioning  impairs  consoli¬ 
dation  of  instrumental  fear  (Bonini  et  al.,  2005).  In  addition  to 
the  generation  of  IP3,  it  will  be  valuable  in  future  studies  to  iden¬ 
tify  the  signaling  events  that  are  altered  when  j32  and  D5  receptors 
are  antagonized.  It  will  also  be  valuable  to  determine  in  what  cell 
type(s)  these  receptors  act  to  promote  consolidation,  given  that 
the  potential  expression  and  physiological  effects  of  these  recep¬ 
tors  in  the  BLA  are  broad  and  diverse  (Ciliax  et  al.,  2000;  Qu  et  al., 
2008;  Farbetal.,  2010). 

In  humans,  some  studies  indicate  that  blocking  j3  receptors 
eliminates  enhanced  memory  for  emotionally  arousing  items, 
although  other  studies  have  not  corroborated  these  findings  (Ca¬ 
hill  et  al.,  1994;  O’Carroll  et  al.,  1999).  If  )3  blockers  have  this 
effect,  it  would  suggest  a  lack  of  redundancy  under  these  condi¬ 
tions.  This  could  be  due  to  differences  in  arousal  systems  engaged 
by  viewing  aversive  material  versus  experiencing  a  potentially 
life-threatening  event,  such  as  may  occur  with  fear  conditioning 
or  events  that  can  lead  to  the  development  of  PTSD.  Results  from 
recent  clinical  trials  suggest  that  j3  blockers  are  of  limited  efficacy 
in  the  prevention  of  PTSD  (Stein  et  al.,  2007;  McGhee  et  al.,  2009; 
Nugent  et  al.,  2010).  Our  results  suggest  that  combined  D5/j32 
blockade  might  be  more  efficacious. 
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